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Summary
Loss of sister-chromatid cohesion triggers chromo-
some segregation in mitosis and occurs through two
mechanisms in vertebrate cells: (1) phosphorylation
and removal of cohesin from chromosome arms by mi-
totic kinases, including Plk1, during prophase, and (2)
cleavage of centromeric cohesin by separase at the
metaphase-anaphase transition. Bub1 and the MEI-
S332/Shugoshin (Sgo1) family of proteins protect cen-
tromeric cohesin from mitotic kinases during pro-
phase. We show that human Sgo1 binds to protein
phosphatase 2A (PP2A). PP2A localizes to centro-
meres in a Bub1-dependent manner. The Sgo1–PP2A
interaction is required for centromeric localization of
Sgo1 and proper chromosome segregation in human
cells. Depletion of Plk1 by RNA interference (RNAi)
restores centromeric localization of Sgo1 and prevents
chromosome missegregation in cells depleted of
PP2A_Aa. Our findings suggest that Bub1 targets
PP2A to centromeres, which in turn maintains Sgo1
at centromeres by counteracting Plk1-mediated chro-
mosome removal of Sgo1.
Introduction
During each mitotic cell cycle, the chromosomes are
duplicated once in S phase and packaged into sister
chromatids in mitosis. The sister chromatids are physi-
cally linked through sister-chromatid cohesion, which
is established during S phase and requires the cohesin
protein complex (Haering and Nasmyth, 2003; Koshland
and Guacci, 2000; Nasmyth et al., 2000). Removal of
cohesin from chromosomes leads to sister-chromatid
separation in mitosis (Haering and Nasmyth, 2003; Kosh-
land and Guacci, 2000; Nasmyth et al., 2000). Cohesin re-
moval occurs in two steps during mitosis of vertebrate
cells. In prophase, polo-like kinase 1 (Plk1) and other
mitotic kinases remove cohesin that resides on chromo-
some arms by phosphorylating its SA2 subunit but spare
the pool of cohesin at centromeres (Hauf et al., 2005;
Losada et al., 2002; Waizenegger et al., 2000). After all
pairs of sister chromatids have achieved bipolar attach-
ment to the mitotic spindle at metaphase, the centro-
meric pool of cohesin is cleaved by a protease called
separase to allow sister-chromatid separation (Hauf
et al., 2001; Waizenegger et al., 2000).
*Correspondence: hongtao.yu@utsouthwestern.eduIt is vital for cells to shield the centromeric cohesin
from the actions of Plk1 and other mitotic kinases in
prophase. Centromeric cohesin also needs to be pro-
tected from separase during meiosis I (Petronczki
et al., 2003). Recent studies have established a critical
role for the MEI-S332/Shugoshin (Sgo) family of proteins
in the protection of centromeric cohesion in organisms
from yeast to man (Katis et al., 2004; Kerrebrock et al.,
1995; Kitajima et al., 2005; Kitajima et al., 2004; Marston
et al., 2004; McGuinness et al., 2005; Rabitsch et al.,
2004; Salic et al., 2004). Human cells depleted of Sgo1
by RNA interference (RNAi) undergo massive chromo-
some missegregation (Kitajima et al., 2005; McGuinness
et al., 2005; Salic et al., 2004; Tang et al., 2004b). Despite
having separated their sister chromatids, Sgo1-RNAi
cells experience a prolonged mitotic arrest that is de-
pendent on the spindle checkpoint, a surveillance
mechanism that ensures the accuracy of chromosome
segregation (Bharadwaj and Yu, 2004; Kitajima et al.,
2005; McGuinness et al., 2005; Musacchio and Hard-
wick, 2002; Salic et al., 2004; Tang et al., 2004b). This
suggests that untimely activation of separase is not re-
sponsible for the premature separation of sister chroma-
tids in Sgo1-RNAi cells (Kitajima et al., 2005; McGuin-
ness et al., 2005; Tang et al., 2004b), as an active
spindle checkpoint prevents APC/C-mediated degrada-
tion of securin, an inhibitory chaperone of separase
(Bharadwaj and Yu, 2004; Musacchio and Hardwick,
2002). Consistently, while depletion of separase by
RNAi does not prevent chromosome missegregation in
Sgo1-RNAi cells (Tang et al., 2004b), expression of
a nonphosphorylatable SA2 mutant in these cells par-
tially rescues their chromosome missegregation pheno-
type (McGuinness et al., 2005). These results support
a model in which Sgo1 protects centromeric cohesin
by counteracting Plk1 and other mitotic kinases
(McGuinness et al., 2005; Watanabe, 2005; Yu and
Tang, 2005). In cells with compromised Sgo1 function,
centromeric cohesin is inappropriately phosphorylated
and removed, resulting in premature sister-chromatid
separation (McGuinness et al., 2005; Watanabe, 2005;
Yu and Tang, 2005). The Sgo proteins contain two con-
served motifs—an N-terminal coiled coil and a C-termi-
nal basic region—but do not contain any catalytic activ-
ity (Kerrebrock et al., 1995; Watanabe, 2005). It is unclear
how these proteins protect SA2 from phosphorylation
by mitotic kinases.
Intriguingly, recent studies in Drosophila have shown
that MEI-S332 (the founding member of this family of
centromeric cohesion protectors) is itself susceptible
to the actions of the Polo kinase (Clarke et al., 2005).
Polo directly binds to and phosphorylates MEI-S332 in
vitro (Clarke et al., 2005). Disruption of Polo-dependent
phosphorylation of MEI-S332 prevents the dissociation
of MEI-S332 from centromeres at the metaphase-
anaphase transition (Clarke et al., 2005). Thus, Polo an-
tagonizes the function of MEI-S332 in the protection of
centromeric cohesion. These findings further suggest
that MEI-S332 and possibly other members of this ‘‘pro-
tector’’ family themselves might need to be protected
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meres during early phases of mitosis.
Bub1 is a serine/threonine protein kinase that localizes
to kinetochores during mitosis and has multiple well-es-
tablished roles in the spindle checkpoint (Hoyt et al.,
1991; Yu and Tang, 2005). Recently, studies in fission
yeast and mammalian cells have shown that Bub1 plays
a critical role in the retention of centromeric cohesion in
meiosis and mitosis (Bernard et al., 2001; Kitajima et al.,
2005; Kitajima et al., 2004; Tang et al., 2004b). In fission
yeast, Bub1 is required for the centromeric localization
of Sgo1 and Sgo2 in meiosis and mitosis, respectively
(Kitajima et al., 2004). Consequently, loss of Bub1 func-
tion causes chromosome missegregation during mitosis
and meiosis (Bernard et al., 2001; Kitajima et al., 2004).
Similarly, depletion of Bub1 from human cells by RNAi
disrupts the stability and centromeric localization of
Sgo1, resulting in massive chromosome missegregation
during mitosis (Kitajima et al., 2005; Tang et al., 2004b).
Therefore, Bub1 appears to be a protector of Sgo1 at
centromeres in several organisms.
In this study, we identify subunits of protein phospha-
tase 2A (PP2A) as binding proteins of human Sgo1. Inhi-
bition of PP2A by okadaic acid or depletion of PP2A_Aa
by RNAi causes chromosome missegregation in HeLa
cells. Introduction of a point mutation corresponding to
allele 9 of MEI-S332 into human Sgo1 disrupts its interac-
tion with PP2A, its centromeric localization, and its
normal function. These results establish a requirement
of the Sgo1–PP2A interaction in chromosome segrega-
tion during mitosis of human cells. Furthermore, we
show that a pool of PP2A localizes to centromeres in
a Bub1-dependent manner. But surprisingly, the centro-
meric localization of PP2A is independent of Sgo1. This
suggests that, if Sgo1indeed counteracts Plk1-mediated
phosphorylation of SA2 at centromeres, it might not do
so by simply recruiting PP2A to centromeres. On the
other hand, the centromeric localization of Sgo1 is dis-
rupted in PP2A_Aa-RNAi cells. Codepletion of Plk1 in
PP2A_Aa-RNAi cells restores the centromeric localiza-
tion of Sgo1 and alleviates the chromosome missegrega-
tion phenotype of these cells. Our findings suggest that
Bub1 controls the centromeric localization of PP2A,
which in turn prevents Plk1-dependent removal of Sgo1
from centromeres.
Results
Identification of Subunits of Protein Phosphatase
2A (PP2A) as Sgo1 binding Proteins
Previous studies in S. pombe have shown that Sgo1
binds to Rec8-containing meiotic cohesin, suggesting
that Sgo1 protects centromeric cohesion during meiosis
through directly binding to cohesin (Kitajima et al., 2004).
We immunoprecipitated human Sgo1 from thymidine-
arrested (G1/S) or nocodazole-arrested (M) HeLa cell
lysates and analyzed the immunoprecipitates (IP) by
mass spectrometry (Figure S1). Though we did not
detect subunits of human cohesin in a-Sgo1 IP, three
subunits of protein phosphatase 2A (PP2A)—the Aa sub-
unit, the B56g subunit, and the Ca catalytic subunit—
were identified in the a-Sgo1 IP from mitotic HeLa cells
(Figure S1). PP2A is a major protein serine/threonine
phosphatase in the cell (Janssens and Goris, 2001). Itconsists of a core heterodimer of the structural subunit
(A) and the catalytic subunit (C). A third variable B subunit
binds to the A/C core, forming the heterotrimeric PP2A
holoenzyme. All three types of subunits of PP2A were
present in the a-Sgo1 IP in mitosis.
To confirm the interactions between Sgo1 and PP2A,
the a-Sgo1 IP were blotted with antibodies against
PP2A_Aa and PP2A_Ca. Both PP2A_Aa and PP2A_Ca
co-IPed with Sgo1 (Figure 1A). PP2A_Aa and PP2A_Ca
were present at higher concentrations in the a-Sgo1 IP
from mitotic HeLa cell lysates (Figure 1A). It is unclear
whether this enhanced binding between Sgo1 and
PP2A in mitosis was solely due to the higher protein
levels of Sgo1 in mitosis (Salic et al., 2004; Tang et al.,
2004b) or whether this interaction was further strength-
ened by other mechanisms, such as phosphorylation of
Sgo1. Sgo1 and PP2A_Ca were not present in a-Sgo1
IPs from nocodazole-arrested Sgo1-RNAi cells, ruling
out the possibility that our Sgo1 antibodies cross-
reacted with PP2A (Figure 1B). When expressed in
HeLa cells, Myc-PP2A_Aa and Myc-PP2A_Ca co-IPed
with HA-Sgo1, again confirming the Sgo1–PP2A interac-
tion (Figure 1C).
We next mapped the PP2A binding domain of Sgo1.
We coexpressed N-terminally His6-tagged human
PP2A_Aa, PP2A_B56g, and PP2A_Ca in Sf9 cells and
purified the resulting complex. Empty Ni2+-beads or
beads bound to His6-tagged recombinant heterotrimeric
PP2A were incubated with 35S-labeled Sgo1 fragments
(Figure 1D). The proteins bound to beads were analyzed
by SDS-PAGE followed by autoradiography. Only the
N-terminal fragment of Sgo1 (Sgo1N) bound efficiently
to PP2A (Figure 1E). Several mutant alleles of the
Drosophila MEI-S332 protein reside in the N-terminal
coiled-coil region (Tang et al., 1998). We thus introduced
a mutation (N61I) that corresponded to allele 9 of MEI-
S332 into Sgo1N (Tang et al., 1998). Strikingly, this single
point mutation disrupted the binding between PP2A and
Sgo1N in vitro (Figure 1E). We cannot rule out the possi-
bility that the N61I mutation causes the unfolding of
Sgo1, thus affecting its binding to PP2A indirectly.
PP2A Is Required for Proper Chromosome
Segregation and Centromeric Localization
of Sgo1 in HeLa Cells
Okadaic acid (OA), an inhibitor of protein phosphatases 1
and 2A, causes premature separation of sister chroma-
tids during meiosis I of mouse oocytes, consistent with
a role of PP2A in the maintenance of sister-chromatid
cohesion (Mailhes et al., 2003). To test whether PP2A-
like phosphatases were required for the maintenance
of sister-chromatid cohesion in mitosis, we first treated
HeLa cells with nocodazole for 16 hr to arrest them at
metaphase and then treated these nocodazole-arrested
cells with or without OA for 6 hr (Figure S2). OA-treatment
caused the separation and hyper-condensation of sister
chromatids in nocodazole-arrested cells (Figure S2A).
This finding suggests that PP2A and/or PP1 play impor-
tant roles in the maintenance of sister-chromatid cohe-
sion in nocodazole-treated HeLa cells. The levels of
cyclin B1 and securin in cells treated with both nocoda-
zole and OA were similar to those in cells treated with
nocodazole alone (Figure S2B), suggesting that APC/C
was not activated by OA treatment and that the improper
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577Figure 1. Sgo1 Binds to PP2A in Mitosis
(A) Lysates of thymidine- or nocodazole-arrested HeLa cells were immunoprecipitated (IP) with a-GST (as a negative control) and a-Sgo1 beads.
The lysates and IPs were resolved on SDS-PAGE and blotted with the indicated antibodies.
(B) Lysates of nocodazole-treated control or Sgo1-RNAi HeLa cells were IPed with a-GST and a-Sgo1 beads and blotted with the indicated an-
tibodies.
(C) HeLa cells were transfected with the indicated plasmids. Lysates and the a-HA IP of these cells were blotted with a-Myc.
(D) Schematic drawing of domain structure of Sgo1, the locations of Sgo1 point mutations, and the boundaries of Sgo1 fragments used in this study.
(E) The in vitro translated 35S-labeled Sgo1 fragments were incubated with Ni2+-NTA beads bound to recombinant His6-tagged PP2A_Aa/B56g/Ca
complex. Proteins bound to beads were separated on SDS-PAGE and analyzed with a phosphoimager.sister-chromatid separation in OA-treated cells might be
independent of separase.
We next depleted PP2A_Aa from HeLa cells by RNAi
(Figure 2A) and tested whether PP2A_Aa was required
for proper chromosome segregation. The protein levels
of Sgo1 were similar in control and PP2A_Aa-RNAi cells
(Figure 2A). PP2A_Aa-RNAi cells accumulated in mitosis
(Figure 2B). About 33% of mitotic PP2A_Aa-RNAi cells
(n = 150) contained scattered chromosomes that were
not aligned at the metaphase plate, while none of the
control metaphase cells showed this phenotype (n =
116) (Figure 2C). The chromosome morphology of the mi-
totic PP2A_Aa-RNAi cells was strikingly similar to that of
the Bub1- and Sgo1-RNAi cells (Figures 2D and 2E) (Tang
et al., 2004b). Most cells had separated their sister chro-
matids (Figure 2F). In particular, sister chromatids with
their centromeres separated and arms attached were
also observed (Figure 2E, inset). These results indicate
that PP2A is required for proper chromosome segrega-
tion in mitosis. RNAi-mediated knockdown of the A sub-
unit of PP2A inDrosophilaS2 and human cells causes the
disappearance of PP2A_C and several PP2A_B subunits
as well (Li et al., 2002; Silverstein and Mumby, 2003;
Strack et al., 2004). Thus, the phenotypes of PP2A_Aa-
RNAi might not be due to the reduction of PP2A_Aa func-
tion alone. Furthermore, RNAi-mediated downregulation
of PP2A causes cell death in S2 and human cells (Li et al.,
2002; Silverstein and Mumby, 2003; Strack et al., 2004).We did not observe massive cell death of PP2A_Aa-
RNAi HeLa cells, possibly due to the short duration of
our experiment (36-48 hr after siRNA transfection) and/
or incomplete knockdown of PP2A_Aa (Figure 2A).
Consistent with the chromosome missegregation phe-
notype of PP2A_Aa-RNAi cells, the centromeric localiza-
tion of Sgo1 was greatly reduced in PP2A_Aa-RNAi cells,
regardless of the status of sister-chromatid separation
(Figure 3A and 3B). In contrast, the centromeric localiza-
tion of Bub1 was not affected in PP2A_Aa-RNAi cells
(Figure 3C and 3D). Thus, PP2A_Aa is required for the
centromeric localization of Sgo1 in mitosis.
PP2A Localizes to Centromeres in a Bub1-
Dependent and Sgo1-Independent Manner
We failed to detect the endogenous PP2A_Aa at centro-
meres in HeLa cells using several antibodies against
PP2A_Aa (data not shown). Motivated by the fact that
epitope-tagged Scc1 is more readily detected at the cen-
tromeres (Waizenegger et al., 2000), we constructed
HeLa cell lines stably expressing Myc-PP2A_Aa and
examined the subcellular localization of Myc-PP2A_Aa
in control, Sgo1-RNAi, and Bub1-RNAi cells. The levels
of Sgo1 and Bub1 were efficiently depleted by RNAi
from these cells (Figure 4A). The level of Myc-PP2A_Aa
in these cells was comparable to that of the endogenous
PP2A_Aa (Figure 4B). As shown in Figure 4C, a pool of
Myc-PP2A_Aa indeed localized to centromeres during
Developmental Cell
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(A) Lysates of control or PP2A_Aa-RNAi cells were blotted with the indicated antibodies.
(B) Mitotic indices of H2B-GFP-expressing HeLa Tet-On cells transfected with the indicated siRNAs. Three separate fields with more than 100
cells each were counted. The average values and standard deviations are shown.
(C) Representative mitotic HeLa-H2B-GFP cells that were mock transfected or transfected with PP2A_Aa siRNA. GFP is in green while DIC
(Differential Interference Contrast) is in red.
(D and E) Four major categories of chromosome morphology in Sgo1-RNAi (D) or PP2A_Aa-RNAi (E) HeLa cells: I, most sister chromatids are
unseparated; II, most sister chromatids are separated with a few of them that are only separated at centromeres; III, all sister chromatids are
separated; IV, all sister chromatids are separated and hypercondensed. Representative sister chromatids are magnified and shown in insets.
(F) Quantitation of the different categories of chromosome morphology in control and PP2A_Aa-RNAi cells.mitosis. Surprisingly, the centromeric localization of
Myc-PP2A_Aa was only slightly weakened in Sgo1-
RNAi cells (Figures 4C and 4D), suggesting that Sgo1
might not be strictly required for the centromeric locali-
zation of PP2A_Aa. Using a similar approach, we also de-
tected PP2A_B56g at the centromeres (data not shown).
The centromeric localization of PP2A_B56g was also in-
dependent of Sgo1 (data not shown). In contrast, the
centromeric localization of Myc-PP2A_Aa was greatly
diminished in Bub1-RNAi cells (Figures 4C and 4D), indi-
cating that Bub1 is required for the proper centromeric
targeting of Myc-PP2A_Aa.
Disruption of the Sgo1–PP2A Interaction Causes
Chromosome Missegregation
Our experiments involving okadaic acid-treatment and
PP2A_Aa-RNAi establish a role for PP2A in proper sis-
ter-chromatid separation. However, PP2A has pleiotro-
pic roles during the cell cycle and dephosphorylates
many cellular proteins (Janssens and Goris, 2001). These
two methods reduce the functions of PP2A globally and
are not specific enough to define the functional impor-
tance of the Sgo1–PP2A interaction. We thus sought to
develop reagents that specifically disrupted the Sgo1–PP2A interaction. We reasoned that because the N-
terminal domain of Sgo1 is sufficient to bind to PP2A,
this domain might be a dominant-negative mutant if it
is not targeted to centromeres.
To test whether Sgo1N localized to centromeres, we
transfected HeLa cells with various Myc-tagged Sgo1
plasmids and stained metaphase spreads with a-Myc.
As expected, the wild-type Myc-Sgo1 (Myc-Sgo1WT)
localized to centromeres, whereas a Sgo1 mutant with
one of its conserved basic residues mutated to alanine
(Myc-Sgo1K492A) failed to localize to centromeres (Fig-
ures 1D, 5A, and 5B). Both Myc-Sgo1N and Myc-
Sgo1N61I failed to localize to centromeres, suggesting
that the Sgo1–PP2A interaction is required for the cen-
tromeric localization of Sgo1 and that binding to PP2A
alone might be insufficient to target Sgo1 to centromeres
(Figures 5A and 5B). Our results are consistent with the
fact that both the N-terminal coiled coil and the C-termi-
nal basic domains are required for the centromeric local-
ization of Drosophila MEI-S332 (Lee et al., 2004).
We next transfected HeLa cells with plasmids encod-
ing the three Myc-Sgo1 fragments and tested their
effects on chromosome segregation. All Sgo1 fragments
were expressed at similar levels, but only Sgo1N
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(A) Metaphase chromosome spreads of control or PP2A_Aa-RNAi HeLa cells were stained with a-Sgo1 (red in overlay image), CREST (green),
and DAPI (blue).
(B) Quantitation of centromeric staining of Sgo1 in (A). Staining on more than 400 centromeres in at least 10 metaphase spreads was measured
with the mean and standard deviation shown. Similar results were obtained in at least three independent experiments.
(C) Metaphase chromosome spreads of control or PP2A_Aa-RNAi HeLa cells were stained with a-Bub1 (red in overlay image), CREST (green),
and DAPI (blue).
(D) Quantitation of centromeric staining of Bub1 in (C). Staining on more than 400 centromeres in at least 10 metaphase spreads was measured
with the mean and standard deviation shown. Similar results were obtained in at least three independent experiments.interacted efficiently with the endogenous PP2A_Aa
(Figure 5C). Overexpression of Sgo1N, but not Sgo1M,
Sgo1C, or Sgo1NN61I, caused accumulation of cells in mi-
tosis and chromosome missegregation (Figures 5D and
5E). These results are consistent with the notion that
Sgo1N dominant-negatively blocks the function of en-
dogenous Sgo1 and causes chromosome missegrega-
tion, presumably by disrupting the Sgo1–PP2A interac-
tion. We cannot completely rule out the possibility that
the dominant-negative effect of Sgo1N is due to the
sequestration of Sgo1 binding proteins other than PP2A.
To further establish the functional importance of the
Sgo1–PP2A interaction, we generated HeLa cell lines
that stably expressed Myc-Sgo1WT or Myc-Sgo1N61I pro-
teins at levels 2- to 3-fold higher than that of the endog-
enous Sgo1 (Figure 6A). The Myc-Sgo1 transgenes con-
tained silent mutations in the region that was targeted
by the Sgo1 siRNA and were thus resistant to RNAi-
mediated knockdown (Figure 6A). Similar to the N61I
mutant of the N-terminal fragment of Sgo1, Myc-Sgo1N61I
also failed to interact with PP2A_Aa (Figure 6B). Ectopic
expression of Myc-Sgo1WT, but not Myc-Sgo1N61I, effec-
tively rescued themitoticarrestandchromosomemisseg-regation phenotypes of Sgo1-RNAi cells (Figures 6C and
6D). This result suggests that the Sgo1–PP2A interaction
is required for proper chromosome segregation during
mitosis of HeLa cells.
Depletion of Plk1 from PP2A_Aa-RNAi Cells
Restores the Centromeric Localization of Sgo1
and Reduces Chromosome Missegregation
In Drosophila, phosphorylation of MEI-S332 by Polo is
required for its release from the centromeres in ana-
phase (Clarke et al., 2005). In HeLa cells, the centromeric
staining of Sgo1 was only weakened by 2-fold at early
anaphase (data not shown) (McGuinness et al., 2005;
Tang et al., 2004b). We thus tested whether the delocal-
ization of Sgo1 from centromeres in PP2A_Aa-RNAi cells
was dependent on Plk1. We codepleted Plk1 from
PP2A_Aa-RNAi cells and stained chromosome spreads
from these cells with a-Sgo1. The efficiency of Plk1-
RNAi had previously been demonstrated (Tang et al.,
2004b). Consistent with Figure 3, the centromeric stain-
ing of Sgo1 was greatly diminished in PP2A_Aa-RNAi
cells (Figures 7A and 7B). The centromeric localization
of Sgo1 was slightly enhanced in Plk1-RNAi cells
Developmental Cell
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(A) Lysates of HeLa Tet-On cells stably expressing Myc-PP2A_Aa that had been mock transfected or transfected with siRNAs against Sgo1 or
Bub1 were blotted with the indicated antibodies.
(B) Lysates of control and Myc-PP2A_Aa-expressing HeLa Tet-On cells were blotted with a-Myc (left panel) and a-PP2A_Aa (right panel). The
positions of the endogenous and Myc-PP2A_Aa are indicated.
(C) HeLa Tet-On cells stably expressing Myc-PP2A_Aawere mock transfected or transfected with siRNAs against Sgo1 or Bub1 and stained with
a-Myc (red in overlay), CREST (green), and DAPI (blue).
(D) Quantitation of centromeric staining of Myc-PP2A_Aa in (C). Staining on centromeres of at least 10 mitotic cells was measured with the mean
and standard deviation shown. Similar results were obtained in three independent experiments.(Figures 7A and 7B). More importantly, the centromeric
localization of Sgo1 was largely restored in cells that
received siRNAs against both PP2A_Aa and Plk1 (Fig-
ures 7A and 7B). Consistently, codepletion of Plk1 from
PP2A_Aa-RNAi cells also rescued the chromosome
missegregation phenotype of these cells (Figure 7C). In-
terestingly, codepletion of Plk1 from Sgo1-RNAi cells did
not prevent chromosome missegregation (Figure 7C).
These data suggest that Plk1-mediated removal of
Sgo1 from centromeres in PP2A_Aa-RNAi cells might
be responsible for chromosome missegregation.
Discussion
The MEI-S332/Shugoshin (Sgo) family of proteins local-
izes to centromeres and protects centromeric cohesin
from cleavage by separase during meiosis I in several or-
ganisms and from phosphorylation by mitotic kinases
during early stages of mitosis in human cells (Watanabe,
2005). The Bub1 spindle checkpoint kinase positively
regulates the centromeric localization of Sgo1, whereas,
in Drosophila, Polo antagonizes the function of MEI-
S332 and is required for its removal from centromeres
in anaphase (Clarke et al., 2005; Kitajima et al., 2005;
Tang et al., 2004b). In this study, we describe the identi-
fication of PP2A subunits as Sgo1 binding proteins. We
show that the Sgo1–PP2A interaction is required for
proper chromosome segregation during mitosis of hu-
man cells. Bub1 controls the centromeric localization
of PP2A, which is in turn required for the centromericlocalization of Sgo1, possibly by counteracting Plk1-
mediated removal of Sgo1. Thus, PP2A is downstream
of Bub1 in centromeric cohesion protection and has an
important upstream role in regulating Sgo1.
Requirement of the Sgo1–PP2A Interaction in
Chromosome Segregation
PP2A is a heterotrimeric enzyme that consists of a struc-
tural subunit (A), a catalytic subunit (C), and a variable
regulatory subunit (B) (Janssens and Goris, 2001). The
diversity of B subunits is thought to contribute to the
substrate specificity and subcellular localization of
PP2A. The fact that PP2A_Aa, PP2A_B56g, and
PP2A_Ca were all present in the a-Sgo1 IP suggests
that Sgo1 interacts with this particular PP2A hetero-
trimer. Indeed, PP2A_B56g binds to Sgo1 in protein
binding assays in vitro, and ectopically expressed
Myc-PP2A_B56g localizes to centromeres (data not
shown). On the other hand, while RNAi-mediated deple-
tion of PP2A_Aa causes massive chromosome misseg-
regation in HeLa cells, depletion of PP2A_B56g does
not produce a similar phenotype (data not shown).
Therefore, though Sgo1 can bind to the PP2A_Aa/
B56g/Ca heterotrimer, other PP2A trimers that contain
B subunits closely related to PP2A_B56g might also in-
teract with Sgo1 and perform similar functions.
PP2A has many cellular substrates and plays pleo-
tropic roles during the cell cycle. Aided by previous ge-
netic analysis of MEI-S332 in Drosophila (Lee et al.,
2004; Tang et al., 1998), we have created a point mutation
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(A) HeLa Tet-On cells were transfected with the indicated plasmids and stained with a-Myc (red), CREST (green), and DAPI (blue).
(B) Quantitation of the centromeric staining of the indicated Myc-Sgo1 proteins in (A).
(C) Lysates and a-Myc IP of HeLa Tet-on cells transfected with the indicated plasmids were blotted with the indicated antibodies.
(D) Mitotic indices of HeLa cells transfected with the indicated plasmids.
(E) Quantitation of cells with unseparated or separated sister chromatids. About 100 metaphase spreads were examined for each transfection.of Sgo1 that disrupts its binding to PP2A. The Sgo1
mutant (N61I) that does not interact with PP2A also fails
to localize to centromeres and does not rescue the chro-
mosome missegregation phenotype of Sgo1-RNAi cells.
These results implicate a role of the Sgo1–PP2A interac-
tion in chromosome segregation during mitosis of
human cells. An important caveat of the results involving
Sgo1N61I is that the N61I mutation might affect the struc-
ture of Sgo1 globally, thereby disrupting its other func-
tions in addition to PP2A binding.
Functions of the Sgo1–PP2A Interaction
during Mitosis
RNAi-mediated depletion of Sgo1 from human cells
causes massive chromosome missegregation, presum-
ably due to premature removal of cohesin from chromo-
somes. McGuinness et al. have shown that expression
of a nonphosphorylatable SA2 mutant reduces the
extent of chromosome missegregation in Sgo1-RNAi
cells (McGuinness et al., 2005). This elegant experiment
suggests that the improper separation of sister chroma-
tids in Sgo1-RNAi cells is probably caused by untimely
phosphorylation of SA2 and that Sgo1 counteracts the
phosphorylation of SA2 by mitotic kinases (McGuinness
et al., 2005). Surprisingly, depletion of Plk1, Aurora B, orboth from Sgo1-RNAi cells does not prevent chromo-
some missegregation in these cells (McGuinness et al.,
2005)(Z.T. and H.Y., unpublished data), suggesting that
very low levels of Plk1 or Aurora B are sufficient or, alter-
natively, kinases other than Plk1 and Aurora B are in-
volved in this process.
When we first discovered PP2A subunits as Sgo1
binding proteins, we had initially envisioned that Sgo1
recruits PP2A to centromeres, thereby antagonizing
the phosphorylation of SA2 locally at these structures.
Surprisingly, our data presented here are inconsistent
with this simple ‘‘recruitment’’ model. First, the centro-
meric localization of Myc-PP2A_Aa is independent of
Sgo1. On the contrary, PP2A is required for the centro-
meric localization of Sgo1. Second, depletion of Plk1
by RNAi restores the centromeric localization of Sgo1
in PP2A_Aa-RNAi cells. Finally, while RNAi-mediated de-
pletion of Plk1 does not rescue the chromosome mis-
segregation phenotype of Sgo1-RNAi cells (Figure 7C)
(McGuinness et al., 2005), Plk1-RNAi with the same
siRNA oligonucleotides prevents chromosome mis-
segregation in PP2A_Aa-RNAi cells. This suggests that
Sgo1 has downstream effectors other than PP2A, al-
though trivial explanations for this finding (e.g., Sgo1-
RNAi might be more efficient than PP2A_Aa-RNAi)
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(A) Lysates of HeLa cells stably expressing Myc-Sgo1WT or Myc-Sgo1N61I that had been mock transfected or transfected with Sgo1 siRNA were
blotted with the indicated antibodies. The positions of the endogenous Sgo1 and Myc-Sgo1 are labeled.
(B) Lysates and a-Sgo1 IP of HeLa cells stably expressing Myc-Sgo1WT or Myc-Sgo1N61I that had been mock transfected or transfected with
Sgo1 siRNA were blotted with a-PP2A_Aa.
(C) Mitotic indices of control HeLa cells or HeLa cells stably expressing Sgo1WT or Myc-Sgo1N61I that had been mock transfected or transfected
with Sgo1 siRNA.
(D) Quantitation of cells in (C) with unseparated or separated sister chromatids. About 100 metaphase spreads were examined for each trans-
fection.cannot be ruled out. Therefore, our results are more con-
sistent with PP2A being an upstream regulator of Sgo1.
On the other hand, it is entirely possible that PP2A is
also a downstream effector of Sgo1 in counteracting
phosphorylation of SA2 by mitotic kinases at centro-
meres. For example, even though Sgo1 might not be re-
quired for the recruitment of PP2A to centromeres, it
might stimulate the phosphatase activity of PP2A toward
SA2 at centromeres. Future biochemical studies are
needed to address this issue.
Bub1: a Protector of the Protector of Centromeric
Cohesion?
In Drosophila, phosphorylation of MEI-S332 by Polo is
required for its removal from centromeres in anaphase
(Clarke et al., 2005). Our data suggest that Plk1 might
be responsible for the delocalization of Sgo1 in PP2A_
Aa-RNAi cells. Paradoxically, Shugoshin—the protector
of centromeric cohesion—is itself susceptible to and
needs to be protected from the actions of Plk1 at centro-
meres, similar to cohesin. Studies from fission yeast andhuman cells have shown that Bub1 is required for the
centromeric localization of Sgo1 (Kitajima et al., 2005;
Kitajima et al., 2004; Tang et al., 2004b). In contrast to
Sgo1, the kinetochore localization of Bub1 is not regu-
lated by Plk1 (W.Q. and H.Y., unpublished data). Thus,
Bub1 is a protector of Sgo1 at centromeres.
In fission yeast, the kinase activity of Bub1 is dispens-
able for its function in protecting Sgo1 at centromeres,
suggesting that Bub1 controls Sgo1 localization through
mediating protein-protein interactions (Vaur et al., 2005).
Because no binding between Bub1 and Sgo1 can be
detected in yeast or in human cells, Bub1 most probably
regulates Sgo1 indirectly. Our results presented here
establish PP2A as a missing link between Bub1 and
Sgo1.
In conclusion, the Sgo1–PP2A interaction is required
for the centromeric localization of Sgo1 and for proper
chromosome segregation during mitosis of human cells.
Our results further suggest that PP2A lies downstream of
Bub1 and maintains Sgo1 at centromeres by counteract-
ing Plk1-dependent centromeric removal of Sgo1.
PP2A Maintains Sgo1 at Centromeres during Mitosis
583Figure 7. Plk1-RNAi Prevents Chromosome Missegregation in PP2A_Aa-RNAi Cells
(A) Control, Plk1-RNAi, PP2A_Aa-RNAi, and Plk1/PP2A_Aa-RNAi cells were stained with a-Sgo1 (red in overlay), CREST (green), and DAPI (blue).
(B) Quantitation of the centromeric staining of a-Sgo1 in (A).
(C) Quantitation of cells that had been transfected with the indicated siRNAs with unseparated or separated sister chromatids. About 100
metaphase spreads were examined for each transfection.Experimental Procedures
Antibodies, Immunoblotting, and Immunoprecipitation
The production of a-Bub1, a-Sgo1, and a-APC2 antibodies was de-
scribed previously (Fang et al., 1998; Tang et al., 2001; Tang et al.,
2004b). The following antibodies were purchased from the indicated
sources:a-Plk1 (Santa Cruz Biotechnology), CREST (ImmunoVision),
a-HA and a-Myc (Roche), a-PP2A_Ca (Upstate), and rat a-PP2A_Aa
6F9 (Abcam). For immunoblotting, the antibodies were used at
1:1000 dilution for crude sera or at a final concentration of 1 mg/ml
for purified and monoclonal antibodies. For immunoprecipitation, af-
finity-purified a-Sgo1 or a-Myc were coupled to Affi-Prep Protein A
beads (Bio-Rad) at a concentration of 1 mg/ml. HeLa cells were lysed
with the lysis buffer (50 mM Tris-HCl [pH 7.7], 150 mM NaCl, 0.5% NP-
40, 1 mM DTT, 0.5 mM okadaic acid, and 10 mg/ml each of leupeptin,
pepstatin and chymostatin). After clearing by centrifugation for 30
min at 4ºC at 13,000 rpm, the lysate was incubated with the antibody
beads for 2 hr at 4ºC. The beads were washed five times with the lysis
buffer. The proteins bound to the beads were dissolved in SDS sam-
ple buffer, separated by SDS-PAGE, and blotted with the appropriate
antibodies.For the large-scale a-Sgo1 IP, 50 dishes (150 mm) of HeLa cells
were grown to 90% confluency and arrested in mitosis or G1/S in
the presence of nocodazole or thymidine for 18 hr. Cells were har-
vested by trypsinization, washed once with PBS, and incubated
with 30 ml cold lysis buffer for 30 min on ice. After sonication for
2 min on ice, cell lysates were centrifuged at 100,0003 g for 30 min.
The supernatants were transferred into fresh tubes and incubated
with 100 ml of protein A beads (Bio-Rad) coupled to a-Sgo1 or
a-GST (as control IgG) for 2 hr at 4ºC. After washing five times with
the washing buffer (50 mM Tris-HCl [pH 7.7], 300 mM KCl, 1 mM
DTT, and 0.5% NP-40), the bound proteins were eluted with 100 mM
Glycine (pH 2.5), separated by SDS-PAGE, and stained with
colloidal Coomassie blue (Pierce). Protein bands were excised from
the gel, digested with trypsin, and subjected to analysis by mass
spectrometry.
Mammalian Cell Culture and Transfection
HeLa Tet-On (Clontech) cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal
bovine serum and 10 mM L-glutamine. To arrest cells at G1/S, cells
were incubated in the growth medium containing 2 mM thymidine
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584(Sigma) for 18 hr. To arrest cells in mitosis, cells were treated with 300
nM nocodazole (Sigma) for 16-18 hr.
Plasmid transfection was performed when cells reached a conflu-
ency of about 50% using the Effectene reagent (Qiagen) per manu-
facturer’s protocols. To establish stable cell lines, HeLa Tet-On cells
were transfected with pTRE2-Myc vectors encoding Myc-PP2A_Aa,
Myc-PP2A_B56g, Myc-Sgo1WT, and Myc-Sgo1N61I and selected with
300 mg/ml of hygromycin (Clontech). The surviving clones were
screened for expression of the desired Myc-tagged proteins in the
presence of 1 mg/ml doxycycline (Clontech).
For RNAi experiments, the siRNA oligonucleotides were chemi-
cally synthesized at Dharmacon. HeLa cells were transfected using
Oligofectamine (Invitrogen) as described (Elbashir et al., 2001) and
analyzed 36-48 hr after transfection. The sequences of the siRNAs
used in this study are: Bub1 siRNA (CCAUGGGAUUGGAACCCUGTT
and GAGUGAUCACGAUUUCUAUTT), Plk1 siRNA (GGGCGGCUUU
GCCAAGUGCTT), Sgo1 siRNA (GAGGGGACCCUUUUACAGATT),
PP2A siRNA1 (GGACCCGAAGUGAGCUUCUTT), and PP2A siRNA2
(GGACCCGAAGUGAGCUUCUTT).
Immunofluorescence Microscopy and Chromosome Spread
HeLa cells were seeded in 6-well plates at about 40%–50% conflu-
ency and transfected with the appropriate siRNAs. After 36 hr, mitotic
cells were harvested using shake-off, washed once with PBS, and
spun onto microscope slides at 1500 rpm for 2 min using a Shandon
Cytospin centrifuge. Cells were fixed in 4% paraformaldehyde for 15
min, washed twice with PBS, and permeabilized with PBS containing
0.1% Triton X-100 for 15 min. After incubation with the appropriate
primary antibodies and CREST in PBS containing 3% BSA and
0.1% Triton X-100, cells were washed three times with PBS contain-
ing 0.1% Triton X-100 for 5 min each time and incubated with fluores-
cence secondary antibodies (molecular probes) in PBS containing
0.1% Triton X-100 and 5% donkey serum for 1 hr. Cells were again
washed three times with PBS containing 0.1% Triton X-100 and
stained with DAPI (1 mg/ml) for 1 min. After final washes, the slides
were sealed and viewed using a 633 objective on a Zeiss Axiovert
200M microscope.
Images were acquired and processed with the Slidebook software
(Intelligent Imaging) and pseudocolored in Photoshop. A series of
z-stack images are captured at 0.2–0.3 mm intervals and decon-
volved using the nearest neighbor algorithm. The maximum z-projec-
tion is then created for the deconvolved images. For quantification of
centromeric staining, a mask is generated to mark all centromeres
based on CREST-staining in the projected image. After background
substraction, the mean intensity for each channel and for each object
in the mask is measured. These values are then exported, normalized
by the staining intensity of CREST, and plotted with the Prism soft-
ware. For each condition, centromeric staining of at least 10 mitotic
cells is measured with the mean and standard deviation plotted.
For centromeric staining of chromosome spreads, mitotic cells
were swelled in a prewarmed hypotonic solution containing 55 mM
KCl for 15 min at 37ºC. Cells were diluted to a density of 2 3 105/ml
and spun onto microscope slides at 1500 rpm for 4 min using Cyto-
spin. Chromosomes were fixed and stained as described above for
whole-cell staining. A different protocol was used for the analysis
of chromosome morphology. Briefly, mitotic cells were swelled in
a prewarmed hypotonic solution containing 55 mM KCl for 15 min at
37ºC and fixed with methanol:acetic acid (v/v = 3:1) for 15 min at room
temperature. Cells were adjusted to a density of 2–33 105/ml, drop-
ped onto microscope slides, dried at room temperature, and stained
with DAPI (1 mg/ml) for 1 min. The slides were washed, sealed, and
analyzed as described above.
Protein Purification and In Vitro Binding Assays
Expression and purification of recombinant human PP2A_Aa,
PP2A_B56g, and PP2A_Casubunits from Sf9 cells were as described
(Tang and Yu, 2004). For protein binding assays, the PP2A proteins
were immobilized on Ni2+-NTA beads (Qiagen), blocked with TBS
containing 0.05% Tween and 5% non-fat milk, and incubated with
35S-labeled Sgo1 proteins for 1 hr at room temperature. After wash-
ing three times with TBS containing 0.05% Tween, the proteins
bound to beads were dissolved in SDS sample buffer, separated
by SDS-PAGE, and analyzed using a Fuji phosphoimager.Supplemental Data
Supplemental data including additional figures are available at http://
www.developmentalcell.com/cgi/content/full/10/5/575/DC1/.
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